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Abstract We report the continuous monitoring of a polar cap patch, encompassing its creation, and a
subsequent evolution that differs from the classic behavior. The patch was formed from the storm-
enhanced density plume, by segmentation associated with a subauroral polarization stream generated by a
substorm. Its initial antisunwardmotion was halted due to a rapidly changing of interplanetary magnetic ﬁeld
(IMF) conditions from strong southward to strong eastward with weaker northward components, and the
patch subsequently very slowly evolved behind the duskside of a lobe reverse convection cell in afternoon
sectors, associated with high-latitude lobe reconnection, much of it fading rapidly due to an enhancement of
the ionization recombination rate. This differs from the classic scenario where polar cap patches are
transported across the polar cap along the streamlines of twin-cell convection pattern from day to night. This
observation provides us new important insights into patch formation and control by the IMF, which has to be
taken into account in F region transport models and space weather forecasts.
1. Introduction
Patches of ionization are deﬁned as islands of high-number-density F region ionospheric plasma, surrounded
by plasma of half the electron concentration or less [Crowley, 1996; Carlson, 2012]. They are formed by iono-
spheric dynamics in the “cusp region” [Lockwood and Carlson, 1992; Rodger et al., 1994; Moen et al., 2006,
2008; Zhang et al., 2011, 2013a; Valladares et al., 1999], often by processes which segment a preexisting
high-density region. The mechanisms that have been suggested to segment the intake of cold solar EUV-
ionized plasma into the cusp throat can be divided into three families [Lockwood et al., 2005a; Oksavik
et al., 2006; Moen et al., 2006]: (1) interplanetary magnetic ﬁeld (IMF) regulation of the cusp convection ﬂow
pattern, causing alternating intake of high- and low-density plasma [Anderson et al., 1988; Rodger et al., 1994;
Milan et al., 2002]; (2) plasma depletion within ﬂow-burst channels due to enhanced recombination, asso-
ciated with the rapid motion of newly opened magnetic ﬂux tubes [Rodger et al., 1994; Sojka et al., 1993;
Valladares et al., 1994; Pitout and Blelly, 2003; Pitout et al., 2004]; and (3) plasma structuring by transient recon-
nection, where the open-closed boundary (OCB) leaps equatorward to a region of higher-density plasma,
followed by poleward relaxation of that boundary, carrying with it the high-density plasma accelerated into
the polar ﬂow [Lockwood and Carlson, 1992; Lockwood et al., 2000; Carlson et al., 2006]. Although the third
mechanism is now considered to be the dominant one [Lockwood and Carlson, 1992; Carlson, 2012; Zhang
et al., 2011, 2013a], it cannot explain all cases (some of which may be caused by a combination of these
processes, acting either together or sequentially). Also, a new mechanism involving the substorm cycle has
recently been proposed [Zhang et al., 2013b] to help explain the formation of the gaps between patches.
In this scenario, bursty sunward return ﬂows, produced by the modulation of nightside reconnection, carry
low-density plasma into the cusp region along the dawnside and/or duskside return convection cell, thereby
injecting low-density plasma into the convection throat between the patches.
ZHANG ET AL. PATCH EVOLUTION DURING NORTHWARD IMF 9063
PUBLICATIONS




• The patch was formed from SED by
segmentation associated with a SAPS
generated by a substorm
• Antisunward moving patch was
halted and evolved in nonclassical
way associated with high-latitude
reconnection during northward IMF
• Much of patch faded rapidly due to an
enhancement of the ionization
recombination rate
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Generally, patches move across the pole from the dayside to the nightside [Oksavik et al., 2010; Hosokawa
et al., 2009], following the ﬂow streamlines of the Dungey convection cycle [Dungey, 1961; Zhang et al.,
2013b, 2015]. They have been observed exiting the polar cap and entering the nightside auroral oval, in a
manner modulated by the nightside reconnection rate (Figure 1d) [Moen et al., 2007, 2008, 2015;Wood et al.,
Figure 1. Schematic of the response of the northern polar ionosphere to the IMF turning from strongly southward and
weakly dawnward to strongly duskward, with a weak Bz varying around zero during a substorm recovery phase. Panels
shown are (a) the IMF By and Bz components, (b and d) the morphology of dayside magnetic reconnection and the polar
ionosphere for strong southward and weaker dawnward IMF, (c and e) the morphology of dayside magnetic reconnection
and the polar ionosphere for strong duskward andweak northward IMF. In Figures 1b and 1c, the red/blue lines (with arrow)
show themagnetic ﬁeld lines in magnetosheath/magnetosphere and themagenta solid lines show the reconnection X-line
at dayside magnetopause. In Figures 1d and 1e, convection streamlines are in mauve. The boundary between open and
closed ﬁeld lines (OCB) lies close to the poleward edge of the auroral oval: the blue/redOCB segments showwheremagnetic
reconnectionat themagnetopause/magnetotail is generating/destroyingopenﬂux in theDungeyconvection cycle [Dungey,
1961; Zhang et al., 2013b, 2015]. The yellowOCB segments are adiaroic (meaning not ﬂowing across) where ﬂow streamlines
cross theOCBbecause it is inmotionand theplasmamoveswith it. Thegrey scale indicates plasmaconcentration,withwhite
showing high values generated by solar EUV and black showing low values where plasma has decayed on the nightside.
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2009; Zhang et al., 2013b, 2015]. During southward IMF, magnetic reconnection will take place at the dayside
low-latitude magnetopause (Figure 1b) and convection then leads to high-density plasma entering the polar
cap from subauroral latitudes (arrow 1 in Figure 1d). The resulting patches are transported antisunward
across the polar cap (arrow 2) and are termed “blobs” once they exit the polar cap into the nightside auroral
oval [e.g., Jin et al., 2014, 2016, and references therein], which is different from the plasma blob in the low-
latitude ionosphere [Wang et al., 2015]. These have been seen leaving the polar cap on the nightside, but they
can only do so at locations that map to ongoing magnetotail reconnection [Zhang et al., 2013a, 2015; Moen
et al., 2007, 2015]. Ionospheric convection can, however, become much more complicated following a sud-
den change in IMF direction. For example, following a northward turning of the IMF, both dayside low-
and high-latitude (lobe) magnetopause reconnection can take place (Figure 1c) [Lockwood and Moen,
1999], leading to the formation of one or two “reverse” convection cells inside the normal convection cell
(the case schematically shown in Figure 1e). Interaction with such a reversed convection cell could either
accelerate or decelerate the propagation of a patch, perhaps to the point at which the motion of the patch
may completely stagnate due to an IMF northward turning [Oksavik et al., 2010; Hosokawa et al., 2011]. It is
particularly difﬁcult, however, to study the detailed motion and evolution of patches because of poor data
coverage over the poles and the lack of an accurate convection model, able to reproduce the rapid response
of ionospheric convection to the sudden change of IMF. In addition, if lobe reconnection takes place of the
same ﬁeld line (simultaneously, or more likely, sequentially) in both hemispheres, then an open ﬁeld line
region is reclosed [Lockwood and Moen, 1999]. This could have two different effects on patch production. If
the patch remains in a region where the difference between ion and neural ﬂow vectors is small, then the loss
of plasma will be slow. If, on the other hand, it is exposed to large differences between plasma and neutral
velocity it will decay due to enhanced plasma loss rate [Lockwood and Fuller-Rowell, 1987]. In the ﬁrst case,
when the reclosed ﬁeld line due to dual-lobe reconnection is subsequently opened again for a second time
by dayside magnetopause reconnection, it will be reinjected into the polar cap as a new high-number-
density patch. In the second case, however, this sequence of reclosing and then opening again would result
in low-number-density plasma being injected into the polar cap, which would form a gap between the storm-
enhanced density (SED) and the newly formed patch.
Solar extreme ultraviolet radiation (EUV) produces midlatitude ionospheric plasma, which provides a viable
reservoir of source plasma for patches, and in some cases densities may be further enhanced by solar wind
particles precipitating into the cusp ionosphere [Lockwood et al., 2005b, 2006; Oksavik et al., 2006;Moen et al.,
2008; Zhang et al., 2013b, 2015; Goodwin et al., 2015]. During a geomagnetic storm, a ridge of enhanced elec-
tron density often occurs in the midlatitude and subauroral region, known as SED [Foster, 1993]. Occasionally,
SED extends to higher latitudes driven by subauroral polarization stream (SAPS) electric ﬁeld, into the cusp
and polar cap, where it is termed tongue of ionization (TOI) [Knudsen, 1974; Foster et al., 2005]. This
SED/TOI has often been observed to segment into patches [Lockwood and Carlson, 1992; Rodger et al.,
1994; Moen et al., 2008; Zhang et al., 2011, 2013a, 2015; Valladares et al., 1999]. It is important to understand
and predict the occurrence of patches for space weather forecasting purposes, because steep density gradi-
ents at patch boundaries with multiple small-scale structures can give large bearing errors in HF over-the-
horizon radars and phase and amplitude scintillation in transionospheric radio signals, including ground-
to-satellite communications and other navigation applications [Crowley et al., 2000; Zou et al., 2013]. Such pre-
dictions will require understanding of how patches are likely to evolve in response to given variations in inter-
planetary conditions combined with “nowcasting” observations of the spatial distribution of ionospheric
densities in the polar cap. Here we present continuous monitoring of both the total electron content (TEC,
the integral with height of the electron concentration, 1 TEC unit = 1016 el/m2) and ﬂow over a large fraction
of the Northern Hemisphere convection zone (with time resolution of 5min) by combining TEC from a dense
and extensive array of GPS receivers [Coster et al., 2003; Stolle et al., 2006] with the large-scale coverage of the
convection ﬂows (averaging in 5min) provided by the Super Dual Auroral Radar Network (SuperDARN) radars
[Chisham et al., 2007] using the map potential technique [Ruohoniemi and Baker, 1998; Thomas et al., 2013],
together with measurements from the Special Sensors-Ions, Electrons, and Scintillation thermal plasma ana-
lysis package on board the Defense Meteorological Satellite Program (DMSP) F18 satellite [Hardy et al., 1984]
and observations from the Poker Flat Incoherent Scatter Radar (PFISR) [Nicolls and Heinselman, 2007]. We
demonstrate that a stirred lobe cell in the dusk sector due to IMF Bz positive prevents a newly separated patch
from being transported across the polar cap.
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2. Observations and Results
On 24 October 2011, a coronal mass ejection (CME) impacted the magnetopause at 18:40 UT, giving an
enhancement of solar wind dynamic pressure, PDyn, and resulting in an intense geomagnetic storm (Dst,
minimum of 160 nT) [Zou et al., 2013]. One day later, at about 01:25 UT, a reverse shock (sudden decrease
in PDyn due to a rapid reduction in solar wind number density) impacted the magnetosphere with a sudden
turning of IMF to a strongly duskward and weakly northward direction (Figures 2a and 2b). Ahead of the
reverse shock (Figure 2b), the IMF at Earth was large and variable, containing an interval of exceptionally
strong southward ﬁeld (Bz; Figure 2a, red), during which a global response of the convection pattern would
be expected [Morley and Lockwood, 2006]. Owing to the sudden duskward and northward turning of the IMF
and the sudden decrease of PDyn at about 01:20 UT (Figure 2a), however, the expected global response
becomes more complex [Greenwald et al., 1990; Chisham et al., 2000]. During the storm, there were three sub-
storm onsets, at 19:00, 23:13, and 03:26 UT, shown by the AL (auroral lower) index falling to 1000 nT
(Figure 2c). These substorms would have been associated with magnetic reconnection in the cross tail cur-
rent sheet [Cowley and Lockwood, 1992], as well as producing SAPS, characterized by low-density plasma con-
vecting via ﬂow bursts from the nightside to the dayside, along the duskside streamlines of the convection
cell [Foster and Burke, 2002; Wang and Lühr, 2011; Hosokawa et al., 2010].
Figure 3 reveals the formation and evolution of a patch, together with the mapping of the TEC and ﬂow
streamlines from the SuperDARN radar (Movie S1 in the supporting information) [Thomas et al., 2013;
Zhang et al., 2013b, 2015]. Streamlines and vectors of the ionospheric ﬂows derived from the Northern
Hemispheric SuperDARN velocity measurements shown on geomagnetic/magnetic local time (MLT) grids,
obtained from the “map potential” algorithm [Ruohoniemi and Baker, 1998]. The grayed concentric circles
indicate lines of constant magnetic latitude in 10° increments. Noon is located at the top of each pattern.
The dotted line across each panel is the day-night terminator at 100 km altitude. The blue circles highlight
Figure 2. An overview of the interplanetary conditions, the auroral electroject indices, and the Dst index on 25 October
2011. Parameters shown are (a) the IMF components in GSM coordinates; (b) the solar wind dynamic pressure, PDyn;
(c) the provisional AE auroral electroject geomagnetic indices from 11 stations: the blue line is AU (auroral upper) and
the red line is AL (auroral lower); and (d) the Dst index. Interplanetary data have been lagged to the nose of bow shock
by OMNIWeb (based on the measurements from Wind satellite) and then shifted 5min to the magnetosphere. The
shading area highlighted the interval of interest.
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the polar cap patch, the evolution of which is followed here. Note that at locations where there are no radar
echoes, the potentials are derived by using a model ﬂow pattern determined by the prevailing IMF orienta-
tion and ﬁtted to the observations that are available. For this event, the total number of GPS receiver sites is
likely 4000–6000, with ~270 receivers with geographic latitude of > 60°N. The distribution of the receiver
sites is similar to that in the GPS TEC data shown in Figure 3, with descent coverage in Greenland,
Northern Alaska, Northern Europe, and Canada.
In Figure 3a, a normal TEC distribution for the daytime sectors exists in the northern hemisphere, with amature
polar cap patch deeply embedded in the polar cap (highlighted by the blue semiellipse in Figure 3a). As time
advances, a clear SED plume begins to enter the polar cap region in the afternoon sector (seen in Figure 3b),
while a clear region of low-density plasma, poleward of 60°, also convects toward the cusp “throat” (around
70° latitude near 12:00 MLT) and encounters the SED plume at subauroral latitudes (around 65° and 14:00
MLT in Figures 3b and 3c). A rapid burst of sunward return ﬂow is observed to evolve from thenightside toward
thedayside (see thedrift vector lower latitude at the afternoonanddusk sectors in Figures 3b–3gandMovieS1)
developing into a SAPS event [Zou et al., 2013], which serves to transport low-density plasma into place behind
the regions of high-density plasma pinching off from the SED. This causes the leading part of the SED plume to
Figure 3. Extracts from a full series of 2-D maps of median-ﬁltered TEC and ionospheric convection on a geomagnetic latitude/MLT grid for the dayside sectors with
noon at the top (Movie S1). Streamlines and drift velocity vectors of ionospheric convection obtained from themap potential algorithm at the location of SuperDARN
actual radar measurements in the Northern Hemisphere. The dotted line across each panel is the day-night terminator at 100 km altitude. The blue circles highlight
the polar cap patch, the evolution of which is followed here.
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begin segmenting into a patch at about 01:35 UT. The patch is completely separated from the SED (the high
dayside TEC values) by about 01:40UT (highlightedby theblue circle in Figure 3e). After its formation, however,
the patch does not evolve in the classic scenario tomove along the streamlines of the twin-cell convection pat-
terns. Rather, it slowly moves northeastward (anticlockwise direction), stagnates, and moves slowly toward
dusk, while it rapidly fades (reduces in intensity) during its evolution (Figures 3f–3k). The lifetime of this patch
is about 40min, which is much shorter than the 2–3 h patch lifetimes predicted and observed in previous stu-
dies [Lockwood and Carlson, 1992; Crowley, 1996; Moen et al., 2006; Carlson, 2012; Zhang et al., 2011, 2013b,
2015]. We will discuss the mechanisms responsible for the formation and somewhat unusual evolution of this
patch in the next section.
3. Discussion
3.1. Formation Mechanisms of the Patch
We note that the IMF suddenly turned strongly duskward (IMF By positive) and weakly northward (IMF Bz posi-
tive) before the reverse shock arrived at about 01:25 UT. After this, it remained strongly duskward with north-
southward variations (Bz) around zero (Figure 2a). This sudden duskward turning would be expected to lead
to a dawnward expansion of the afternoon convection cell after a certain time delay [Greenwald et al., 1990;
Chisham et al., 2000], as demonstrated by the observations from the SuperDARN radars (Figure 3f). This type
of response is consistent with the results from previous studies [Greenwald et al., 1990; Chisham et al., 2000].
The formation of the patch in our observations took place prior to this expansion, indicating that the sudden
duskward turning did not cause an immediate segmentation of the patch but subsequently contributed to
its evolution.
The Poker Flat Incoherent Scatter Radar (PFISR) was operated in an International Polar Year four-beammode dur-
ing the interval 24–25 October 2011 [Sojka et al., 2009; Zou et al., 2013]. PFISR is located near Fairbanks, Alaska,
which was at a subauroral latitude, near the duskside edge of the SED seen in Figures 3b–3d, during the interval
of interest (Figure 4a). PFISR data therefore offer us a good opportunity to monitor the time evolution of the alti-
tude proﬁle of the corresponding ionospheric plasma, which will be very helpful for discussing the formation
mechanism of the patch segmented from the SED seen in Figure 3d. The observations from PFISR beam 2 (mag-
netic ﬁeld-aligned beam) show that there was pulsed particle precipitation characterized by electron density and
electron temperature enhancement before about 01:55 UT and even during the period of the encounter with
SED-like plasma before 01:00 UT (Figures 5a and 5b), suggesting an association with pulsed dayside magneto-
pause reconnection. During this period of particle precipitation, the ion temperature also increased (Figure 5c),
showing an increase in ﬂow speed. This region of increased ﬂow can be identiﬁed as corresponding to the
SAPS seen in Figure 3. Beam 4 of PFISR, which was looking toward the region of low plasma density, also
observed the Ti enhancement at lower latitudes (Figures 5e and 5g), again consistent with the SAPS ﬂow
observed by the SuperDARN radars. The fact that the plasma patch formed during the interval between periods
of Ti enhancement around 01:10 and 01:40 UT, seen both by beams 2 and 4, suggests that the patch formation
was associated both with the dayside reconnection and with the SAPS. After 01:55 UT, both beams 2 and 4
observed the low-density features, which are consistent with the observations from GPS TEC (Figures 3e–3i).
Based on the GPS TEC, SuperDARN, and PFISR observations, we propose that the patch formationmechanism
was as follows. With the onset of rapid dayside reconnection, the open-closed ﬁeld line boundary (OCFLB)
would be expected to leap equatorward, resulting in an electric ﬁeld conﬁguration which allowed the
SAPS to encounter the SED [Lockwood and Carlson, 1992; Zhang et al., 2011, 2013a]. As a result of this encoun-
ter, the SED seems to be “cut” and the leading part of the SED plume was segmented into a patch (ringed in
blue) with a gap of low-density plasma from nightside being entrained in the burst ﬂow. The patch initially
moved poleward, due to the poleward relaxation of the OCFLB and the low-density plasma carried by the
SAPS (Figures 3b–3g and Figure 6). In summary, the SAPS with low-density plasma, associated with the
23:13 UT substorm (Figure 2c), together with local expansion and contraction of the OCFLB, played the key
role in forming the patch segmented from the leading part of the SED plume.
3.2. Evolution of the Patch
The subsequent evolution of the patch is more complicated than that in the classic scenario where expected
that the patches drift transpolar in a Dungey twin-cell convection pattern [Lockwood and Carlson, 1992;
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Carlson, 2012; Moen et al., 2006; Zhang et al., 2011, 2013b, 2015]. As illustrated in Figure 4b, the patch is situ-
ated duskward of the stirred lobe cell, in a region of slow convection. It appears that the lobe cell stirs low-
density plasma and the patch has stagnated in a region of weak ﬂow.
The SuperDARN convection maps are based on a combination of the available measurements and statistical
convection model organized by IMF conﬁgurations [Ruohoniemi and Baker, 1998]. It is better to compare the
Figure 4. The lines of sight of the four beams of Poker Flat Incoherent Scatter Radar and the schematic convection pattern
observed by DMSP F18 projected into the TEC map. The PFISR beam conﬁguration as a function of altitude and magnetic
latitude is shown in the top left corner of Figure 4a, where beam 1 is pointing toward magnetic north (geographically vertical),
beam 2 is located at the lowest latitude roughly pointing along the local magnetic ﬁeld line, and beams 3 and 4 are looking
northwestward and northeastward, respectively. The ﬂows in Figure 4b are schematic drawn to a set of rules but they are not
unique solutions. The potential distribution along the DMSP F18 pass was computed from the cross-track velocity assuming that
the pattern did not change over the duration of the pass. Streamlines were then drawn to join up points of equal potential along
the pass. Away from the satellite pass the forms of the streamlines were constructed to be consistent with both the prevailing
IMF orientation and with the matched potential plots from the SuperDARN radars in those areas where echoes were received.
The thick black solid lines on the convection pattern show the reconnection X-line at high- and low-latitude magnetopause.
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Figure 5. Plasma parameters observed by beam 2 (ﬁeld-aligned) and beam 4 (northeast looking) of PFISR on 25 October
2011. Parameters from top to bottom are (a and e) electron density (Ne), (b and f) electron temperature (Te), (c and g)
ion temperature (Ti), and (d and h) line-of-sight velocity (Vi, positive away from the radar) as a function of time and altitude.
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in situ ion drift velocity measure-
ments from the DMSP F18 satellite
for the convection, where the
SuperDARN data are sparse. This is
the case around and westward of the
patch throughout this period, and so
the statistical convection model is ﬁll-
ing this data gap [Ruohoniemi and
Baker, 1998]. The DMSP F18 satellite
measures the cross-orbit track com-
ponent of the ﬂow, which can be used
to calculate the potential along the
track and constrain the equipotential
ﬂow streamlines in the polar iono-
sphere (Figure 4b). These data
showed a reverse cell inside the after-
noon convection cell around the
patch (see the superposed vectors in
Figures 4b and 3h). This reverse cell
will have been generated by high-
latitude lobe reconnection during
the strong duskward and weak north-
ward IMF conditions. These condi-
tions would be expected to lead to
dayside reconnection simultaneously
occurring at the low- and high-
latitude (lobe) magnetopause (sche-
matically shown in Figure 1c)
[Lockwood and Moen, 1999], leading
to the localized sunward expansion
and the reverse cell seen in DMSP
observations. The motion of the patch
is consistent with the ﬂows seen by
DMSP F18, and we conclude that
most of the difference between the
patch motion and the SuperDARN
ﬂow equipotential is because the
model-based extrapolation of the
convection may be misleading in this
area. Note that around 01:58 UT,
DMSP F18 brieﬂy observed slow
dawnward ﬂow. This is between the
inﬂow to the lobe reconnection site
and where ﬂows are associated with
the equatorward expansion of the
dusk “adiaroic” polar cap boundary
(meaning “not ﬂowing across”). We
interpret this as an effect of ongoing
reconnection in the low-latitude mag-
netopause, as shown in Figure 4b.
During its evolution duskward of the
reverse cell, the patch rapidly faded
(within about 40min). This short life-
time of the patch is most likely to be
Figure 6. Schematic of the formation and evolution of the polar cap
patch. The color shaded regions show the plasma regions from different
sources. The series of diagrams show how a SED is segmented into
patches by the SAPS associated with a substorm and how the patch
evolves associated with the high-latitude lobe reconnection during the
IMF northward turning.
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caused by the effect of the opposite ion drift and neutral wind directions leading to enhanced frictional ion
heating and thus faster plasma recombination. Even though there are no direct observations of the neutral
wind available, it is reasonable to expect that the changes in the ion ﬂow only slowly inﬂuence the neutral
winds because the neutral atoms are so much more numerous than the ions. Simulations from
ionosphere-thermosphere models show that a strong neutral wind is established in the afternoon auroral
oval and this persists in a dawnward direction into the cusp region [Lockwood and Fuller-Rowell, 1987;
Farmer et al., 1988]. Thus, the patch that has been entrained duskward of the lobe circulation cell and is mov-
ing toward dusk is expected to have an ion velocity vector that makes a large angle with the neutral wind
vector and the square of the vector difference between the two, which is associated with frictional heating
[Lockwood and Fuller-Rowell, 1987; Farmer et al., 1988], would be large. This means that the ion heating is
greatly enhanced as is the plasma loss rate [Schunk et al., 1975]. The O+ lifetime (reciprocal of the recombina-
tion rate) in the polar region at 275 km altitude is estimated at ~50min in October, while an elevation of ion
temperature by 750 K, due to frictional heating by an ion-neutral relative velocity of ~1000m/s, can lead to
~30min lifetime.
The interval covered by Figures 3a and 3b is the recovery phase of the second substorm, as indicated by AU
and AL indices (Figure 2d), after which the SAPS evolved from duskside to dayside in the afternoon sector, as
seen by the SuperDARN radars (Figures 3a–3c). The SAPS transported low-density plasma toward the dayside,
where the low-density plasma produced the gap between the patch and the SED, as schematically illustrated
in Figures 6a–6c. Thus, SAPS associated with a substorm, together with the local expansion and contraction of
OCFLB, has played a key role in forming the gap between the patch and the rest part of the SED. This can
explain why such gaps are larger if substorm activity is absent [Wood et al., 2009; Zhang et al., 2013b,
2015] and why patches can be segmented even before they enter the cusp region [Moen et al., 2006].
After forming in the subauroral region, the patch moved slowly northeastward and stagnated duskward of
a reverse cell in afternoon sectors with a fast fading. Part of this may be because the plasma in sunward edge
of the patch will recombine much faster than that in the antisunward edge (schematically shown in Figure 6),
giving the patch, as seen in plasma concentrations, an apparent antisunwardmotion due to the strong dawn-
ward neutral wind established in the afternoon sector auroral oval be strongest in the cusp region and gets
weaker as one going antisunward of the cusp [Lockwood and Fuller-Rowell, 1987].
The apparently anomalous motion seems to be due to localized sunward expansion and the formation of
a new reverse cell inside of the afternoon convection cell, generated by the dayside low- and high-latitude
(lobe) magnetopause reconnection [Lockwood and Moen, 1999], respectively. This reverse cell was
detected by DMSP F18. During its formation, the neutral wind would not have had time to respond to
the sudden IMF change but would have maintained its previous velocity toward the cusp region
from the duskside (shown schematically by the green ﬂow lines in Figure 6), resulting in enhanced ion-
neutral vector velocity difference and ion temperature [Lockwood and Fuller-Rowell, 1987; Farmer et al.,
1988], leading to enhanced plasma loss rate [Lockwood and Fuller-Rowell, 1987]. Hence, this patch
faded more rapidly than those which continue to move toward the nightside. Note that the neutral
wind effect will tend to make northern hemisphere patches that formed during southward IMF and are
subsequently moved toward dawn by a positive By more long-lived than those moved toward dusk by
negative By.
4. Conclusions
The observations presented here have recorded for the ﬁrst time the context of the evolution of a newly
formed polar cap patch that stagnated in the polar cap dusk sector. In this instance, the SAPS associated with
a substorm, together with the local expansion and contraction of the OCFLB, helped to form the gap between
the patch and the SED. After formation, the patch was entrained in a lobe cell that was established as a result
of the changes in the IMF orientation stimulating lobe reconnection. The rapid fading in number density was
probably due to the enhanced recombination rate associated with the divergence of the ﬂow direction
between the neutral wind and the plasma convections in the newly formed reverse cell. This scenario chal-
lenges the simplistic picture that all plasma patches formed in the dayside inﬂow region will subsequently
move across the polar cap and exit at night [Carlson, 2012; Zhang et al., 2013b, 2015] and is to be considered
when improving space weather forecasts of polar cap patch related phenomena.
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